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BRCAL, also known as Breast Cancer gene 1, is a crucial tumor suppressor gene that plays a critical role in repairing damaged
DNA, maintaining genomic stability, and regulating the cell cycle. Cells with BRCA1 mutations can escape normal regulatory
controls, leading to unchecked cellular proliferation and the formation of malignant tumors. Mutations in the BRCA1 gene are
responsible for increasing the risk of developing cancers, especially in rapidly dividing breast tissue. Among the different types of
BRCA1 mutations, frameshift mutations form a substantial and highly pathogenic subset (10-26%, up to 46.7% in breast/ovarian
cancer families), resulting in non-functional BRCA1 proteins and the development of breast cancer. This review specifically
focuses on the role of BRCA1 frameshift mutations in breast cancer: introducing the mechanisms of mutations, summarizing the
downstream effects, discussing current targeted therapies against BRCA1 mutation-associated breast cancers, and exploring future
directions for improving patient outcomes. This work covers BRCA1 mutations from their tumorigenicity to their therapeutic

application, providing a thorough and extensive summary about BRCA1 as a target for breast cancer therapy.
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Introduction

Breast cancer is the most common type of cancer found among
women'!' and is a leading cause of cancer-related deaths*. In
fact, about 30% of all female cancers are breast cancer®. While
many cases of breast cancer are sporadic (caused by random
genetic changes), a significant proportion is hereditary due to
germline mutations (inherited mutations present in every cell
from birth) found in the BRCA1 gene”. Women with a BRCA1
mutation have a greater lifetime risk of developing breast can-
cer, with estimates ranging from 55% to 72%, compared to the
general population with the risk estimated to be 12.5%°. Un-
derstanding these mutations and their impact on breast cancer is
critical for risk assessment and treatment strategies. This review
primarily addresses germline BRCA1 mutations, summarizes
the mechanism of BRCA1 mutations (especially frameshift
mutations) and their downstream effects, discusses the current
targeted therapies against BRCA1 mutation-associated breast
cancers, and explores future directions for improving patient
outcomes.

Methods

Peer-reviewed publications were identified through
structured  searches of four sources: PubMed
(www.ncbi.nlm.nih.gov/pubmed), Google Scholar

(https://scholar.google.com/), World Health Organiza-
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tion (https://www.who.int), and Centers for Disease Control
and Prevention (https://www.cdc.gov). Searches were
conducted between January 1, 1990, to December 23, 2025.
The following search term combinations were used: “BRCA1”,
“BRCA1 mutation”, “BRCA1 mutations and breast cancer”,
“BRCAT1 mutations and targeted therapy”, “BRCAI targeted
therapy in breast cancer”. Inclusion criteria were peer-
reviewed primary research articles, human data, and published
in English. A simple PRISMA-style approach was applied. In
the initial database search, 293 records were identified. The
articles were then screened for relevance to BRCA1 mutations,
breast cancer, and targeted or mechanism-based therapies. Of
these, 225 articles were excluded for not meeting the inclusion
criteria. The remaining 68 full-text articles were assessed,
leading to a final set of 39 publications. For each included
study, data were extracted to capture study designs, methods,
important results/findings, discussions about big challenges
currently faced, and future directions to improve therapeutic
outcomes.

BRCA1 and BRCA1 Function

BRCAI1 (Breast Cancer gene 1) is located on chromosome
1721 and contains 24 exons”. It encodes a complex, multi-
functional protein (BRCA1 protein) that plays a crucial role in
maintaining genomic stability by participating in DNA repair,
cell cycle control, and other cellular processes®. During DNA
damage repair (specifically double-strand breaks), BRCA1
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helps in the resection of DNA ends, which is important for
generating single-stranded DNA overhangs to initiate homol-
ogous recombination (HR). It also helps recruit and stabilize
RADS51 (a recombinase protein), facilitating strand exchange
during HR?.

BRCALI is also involved in regulating cell cycle checkpoints,
particularly during the G1/S (the point where the cell commits
to DNA replication) and G2/M transitions (the point where
the cell prepares for cell division), which are crucial for en-
suring that DNA replication and cell division occur accurately.
BRCA1 cooperates with p53 to induce the expression of p21,
inhibiting cyclin-CDK complexes at G1/S, and also participates
in G2/M checkpoint signaling’. Loss of BRCA1 function
compromises this signaling pathway, allowing cyclin-CDK to
remain active and enabling cells to progress into S phase despite
the presence of DNA damage. This checkpoint failure leads
to genomic instability and accumulation of genetic alterations,
which increases the risk of developing breast cancer 1,

Types of BRCA1 Mutations in Breast Cancer

BRCA1 mutations in breast cancer are highly diverse. More
than 1,600 mutations have been identified and are categorized
into the following main types: frameshift mutations, nonsense
mutations, missense mutations, splice site mutations, large
genomic rearrangements, and regulatory region mutations'2.
Frameshift mutations are caused by insertions/deletions of nu-
cleotide(s), producing a completely different protein or non-
functional protein’®. Nonsense mutations introduce a pre-
mature stop codon, halt protein synthesis early, and create a
shorter, nonfunctional protein 14 Missense mutations refer to a
single nucleotide change that results in a different amino acid
being incorporated into a protein during translation, altering
the protein’s structure, function, and interactions with other
molecules®. Splice site mutations disrupt the process of DNA
splicing (the process of removing introns and joining exons to
form mature mRNA), leading to the inclusion of introns and
the exclusion of exons in the final mRNA, eventually resulting
in a non-functional or different protein.

Large genomic rearrangements are structural variations in
DNA that involve deletions, duplications, or inversions of DNA
segments which may change the gene’s sequence and produce
a different or non-functional protein”. Regulatory region muta-
tions happen in the non-coding DNA sequences that regulate
gene expression, silencing or over-activating transcription and
translation of a gene, leading to different levels of protein
production which may result in different cellular behavior!2.
Although these types of mutations can happen throughout the
gene, they most frequently occur in key domains such as the
RING and BRCT domains, which are essential for the pro-
tein’s DNA-repair function. Among all these diverse mutations
identified in breast cancer cohorts, frameshift mutations usu-
ally cause almost complete BRCA1 loss and very high cancer
risk'®, making them a priority for targeted therapy (Table 1).

BRCA1 Frameshift Mutation in breast cancer

As mentioned earlier, a frameshift mutation occurs when a
single nucleotide or a number of nucleotides are inserted or
deleted, shifting the downstream triplet codon reading frame'3.
It affects all subsequent amino acids in a protein instead of just
one, impacting the entire protein structure and function. This
disruption may lead to 1) creating an abnormal amino acid se-
quence and generating a different protein or non-functional pro-
tein due to misfolding or misbinding, and 2) introducing a pre-
mature stop codon before the normal stop codon is reached and
producing a truncated (shortened) protein'®. When a frameshift
mutation occurs in BRCAL, the resulting defective protein is
unable to perform its DNA repair functions, leading to an accu-
mulation of unrepaired DNA damage within cells, especially in
rapidly dividing breast tissue, where the demand for accurate
DNA repair is high. As mutations occur in critical genes reg-
ulating cell growth, division, and apoptosis, cells can escape
normal regulatory controls which results in unchecked cellular
proliferation and the formation of malignant tumors (Figure [T).
Furthermore, the loss of BRCA1 functions affects not just DNA
repair but also chromatin organization, gene expression, and the
regulation of oncogenic microRNAs, amplifying its impact on
cell fate®. In breast tissue, rapid estrogen-driven proliferation
increases replication-associated DNA breaks, which require
BRCA1-mediated repair. In addition, estrogen can also directly
promote DNA damage through reactive oxygen species'”. This
hormonal environment (notably estrogen-driven proliferation)
makes breast cells particularly vulnerable to the consequences
of BRCAL loss, resulting in a high risk of BRCA1 mutation-
related breast cancers. Although ovarian cancer risk is also
elevated in BRCAT1 carriers, this elevated risk cannot be ex-
plained solely by hormonal factors and may involve additional
non-hormonal mechanisms"®.

Frameshift mutations are highly pathogenic and almost all
BRCAI frameshift mutations identified are associated with a
markedly increased risk of breast cancer and worse overall sur-
vival rates?. Studies from various regions indicate a BRCA1
frameshift mutation frequency of roughly 10-26% among fam-
ilies with hereditary breast or breast/ovarian cancer histories,
and as high as 46.7% in families with both breast and ovarian
cancer??. Additionally, it has been reported that younger on-
set cases and families with multiple affected members show a
higher frequency of BRCA1 frameshift mutations; for exam-
ple, families with patients diagnosed before 40 years old may
have mutation rates exceeding 40%%. Given the severity and
frequency of the frameshift mutations (especially in hereditary
breast cancer), frameshift mutations of BRCA1 have been the
primary targets for targeted therapy.

Patient Identification and Biomarkers

Patients with BRCA 1 mutations are typically identified through
genetic counseling and testing guided by clinical criteria such
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Table 1 Summary of different BRCA1 mutations in breast cancer

Mutation Type Typical Protein Expected Functional Relative Cancer Risk Approximate
Product Impact Frequency

Frameshift Truncated or altered Complete loss of function Very high (breast 30-50%

~60-80%)

Nonsense Truncated Complete loss of function High 20-30%

Missense Altered Spectrum: most Variable (high for 5-10% pathogenic;
benign/VUS; pathogenic pathogenic; ~30-40% of all
subset shows partial-severe  low/uncertain for VUS) variants are VUS
loss

Splice-site Variable Partial or complete loss of Variable 10-20%
function

Large rearrangements Absent or severely Complete loss of function Very high 5-15% (higher in some

truncated populations)

Regulatory region Reduced/absent Partial to complete loss High <5% germline;
(dose-dependent) common somatic
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Fig. 1 Possible mechanism of cancer development for people with BRCA1 frameshift mutations

as early-onset breast cancer (< 45 years and a strong family
history of breast/ovarian/pancreatic/prostate cancers). Beyond
germline BRCA1 mutations, some tumors exhibit homologous
recombination deficiency (HRD) due to somatic mutations,
epigenetic silencing, or other mechanisms, conferring a “BR-
CAness” phenotype that predicts PARP inhibitor sensitivity
despite the presence of wild-type germline BRCA1. HRD is
quantified via genomic instability scores, including loss-of-
heterozygosity (LOH), telomeric allelic imbalance (TAI), and
large-scale state transitions (LST), with composite HRD scores
> 42 often used as cutoffs in trials like OlympiAD/EMBRACA
follow-ons and approvals for broader HRD-positive cohorts.
Although this review focuses on pathogenic BRCA1 frameshift
mutations, HRD-positive/BRCA-wild-type tumors can also
benefit from PARP inhibitors=.

Targeted therapy for BRCA1 mutated breast can-
cer

Targeted drug therapy aims to inhibit a specific target pro-
tein/molecule that supports tumor cell growth, spread, and abil-

ity to proliferate??. Although a number of proteins, including
cyclin-dependent kinases, poly (ADP-ribose) polymerase, and
different growth factors, have emerged as potential therapeutic
targets for specific breast cancer subtypes*, only BRCA1 tar-
geted therapy is discussed in this review. Targeted therapies for
BRCAI frameshift mutations in breast cancer primarily involve
PARP inhibitors, which exploit the underlying defect in homol-
ogous recombination-mediated DNA repair. These treatments
take advantage of the “synthetic lethality” (a genetic interaction
in which the simultaneous perturbation of two genes leads to
cell or organism death, whereas viability is maintained when
only one of the pair is altered) effect when BRCA1-mutated
cells cannot repair DNA damage efficiently>.

PARP inhibitors are a class of targeted therapies specifically
effective for treating breast cancers with BRCA1 frameshift mu-
tations by blocking PARP, an enzyme that plays a crucial role in
repairing single-strand DNA breaks2®. In BRCA 1-normal cells,
HR repairs replication-associated double-strand breaks when
PARP is blocked; in BRCA1-deficient cells, HR is disabled, so
PARP inhibition leads to unresolved DNA damage, replication
fork collapse, and cell death (synthetic lethality) while spar-
ing most normal cells?”28 (Figure 2). Clinical research shows
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Fig. 2 The mechanism of action of PARP inhibitors in BRCA1
mutation associated breast cancer

that PARP inhibitors significantly improve progression-free
survival in BRCA1-mutated breast cancer patients compared
to conventional chemotherapy and are especially effective in
triple-negative breast cancer (TNBC), which is commonly as-
sociated with BRCA1 mutations?.

TNBC accounts for 60-70% of BRCA1-associated breast
cancers, likely due to the role of BRCA1 in regulating estrogen
receptor-dependent differentiation, making it a key subgroup=.
PARP inhibitors are particularly effective in BRCA1 mutant
TNBC with a higher response rate compared to non-TNBC
breast cancers, although the precise mechanisms underlying
this phenotype preference remain under investigation=!.

Olaparib is the first U.S. Food and Drug Administration
(FDA) approved PARP inhibitor. It inhibits PARP1 and PARP2
(key enzymes involved in the base excision repair (BER) path-
way responsible for repairing single-strand DNA breaks), re-
sulting in the accumulation of DNA damage during mitosis
and leading to mitotic catastrophe and cell death?*. In the
phase III OlympiAD trial (NCT02000622), olaparib (300 mg,
twice daily) monotherapy was found to be more effective than
standard therapy in patients with BRCA1 mutations in terms
of prolonging progression-free survival (7.0 months, Table 2))
and reducing death (42%) 32| Talazoparib is an oral PARP
inhibitor approved by FDA and EMA (European Medicines
Agency) as a monotherapy for the treatment of germline BRCA-
mutated locally advanced or metastatic breast cancer>*"%, In
an open-label phase 3 trial in patients with advanced gBR-
CAm breast cancer (NCT01945775), single-agent talazoparib
(Img. Once daily) demonstrated a statistically significant im-
provement in progression-free survival (8.6 months, Table [2)=.
Newer agents including Pamiparib, Veliparib, and Niraparib
have shown increased progression-free survival and tumor re-

sponse rates 35.

Although PARP inhibitors have exhibited promising out-
comes in the treatment of breast cancer with BRCA1 muta-

tion, tumors may develop resistance to PARP inhibitors via
BRCALI reversion mutations or homologous recombination re-
pair restoration%, Approximately 40-70% of patients are
likely to develop resistance=” due to the following reasons:
(1) BRCAL1 reversion mutations that restore the reading frame
and partially recover HR; (2) HR restoration via changes in
other genes (exp: loss of 53BP1/SHLDI or RADS51 upreg-
ulation); and (3) non-genetic mechanisms such as increased
drug efflux2%385% (Table [3). The emerging strategy combines
PARP inhibitors with IR (ionizing radiation) to increase unre-
paired DNA damage in BRCA1-deficient cells, immunotherapy
(such as Atezolizumab, NCT02849496) to enhance immuno-
genicity, or other DNA-damage response inhibitors (such as
WEEI1/ATR inhibitors AZD6738/ AZD1775,NCT03330847).
These combinations aim to further increase efficacy against
BRCA 1-mutated tumors and overcome resistance>Z. Overall,
PARP inhibitors represent a major advancement in personalized
breast cancer treatment for patients with BRCA1 mutations.

Limitations

This review is restricted to peer-reviewed publications in En-
glish, which may exclude valuable insights from other relevant
sources. The dependence on reported clinical trials introduces
inherent publication bias, as negative PARP inhibitor trial re-
sults may be overlooked. Furthermore, long-term outcome
data beyond five years remain limited, especially for BRCA1
frameshift mutations in diverse patient groups. The narrow
focus on BRCA1 frameshift mutations, not the full range of
BRCA1/2 mutations or other DNA repair defects, may not
apply to all types of hereditary breast cancer.

Conclusion

The BRCA1 gene is a well-known tumor suppressor gene, and
germline BRCA1 mutations significantly increase the risk of
developing breast cancer. PARP inhibitors were successfully
developed in treating BRCA1 mutation breast cancer patients,
however, tumor resistance to PARP inhibitors is emerging in
clinics. For better outcomes of breast cancer patients with the
germline BRCA1 mutation, it is necessary and critical to con-
sider combination therapies (combining drugs with different
therapeutic mechanisms) for treatment. With more efforts on
new targeted therapy and combination therapy, more patients
with BRCA1 mutations will benefit.
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